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Edited by Sandro SonninoAbstract The budding yeast ALE1 gene encodes a lysophos-
pholipid acyltransferase (LPLAT) with broad speciﬁcity. We
show that yeast LPLAT (ScLPLAT) belongs to a distinct pro-
tein family that includes human MBOAT1, MBOAT2,
MBOAT4, and several closely related proteins from other
eukaryotes. We further show that two plant proteins within this
family, the Arabidopsis proteins AtLPLAT1 and AtLPLAT2,
possess lysophospholipid acyltransferase activities similar to
ScLPLAT. We propose that other members of this protein fam-
ily, which we refer to as the LPLAT family, also are likely to
possess LPLAT activity. Finally, we show that ScLPLAT diﬀers
from the speciﬁc lysophosphatidic acid acyltransferase that is en-
coded by SLC1 in that it cannot eﬃciently use lysophosphatidic
acid produced by acylation of glycerol-3-phosphate in vitro.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Arabidopsis1. Introduction
Recent work in several laboratories has revealed that the
budding yeast gene YOR175c, known as ALE1, SCL4 or
LPT1, encodes an acyl-CoA dependent lysophospholipid
acyltransferase (LPLAT) that can acylate a wide range of sub-
strates including lysophosphatidic acid (LPA), lysophosphati-
dylcholine (LPC), lysophosphatidylethanolamine (LPE),
lysophosphatidylglycerol (LPG), lysophosphatidylinositol
(LPI), and lysophosphatidylserine (LPS) [1–4]. Yeast LPLAT
(ScLPLAT) also has a broad acyl-CoA speciﬁcity, acceptingAbbreviations: BSA, bovine serum albumin; G3P, glycerol-3-phos-
phate; GPAT, glycerol-3-phosphate acyltransferase; LPA, lysophos-
phatidic acid; LPAAT, lysophosphatidic acid acyltransferase; LPC,
lysophosphatidylcholine; LPCAT, lysophosphatidylcholine acyltrans-
ferase; LPE, lysophosphatidylethanolamine; LPEAT, lysophosphati-
dylethanolamine acyltransferase; LPG, lysophosphatidylglycerol;
LPGAT, lysophosphatidylglycerol acyltransferase; LPI, lysophosphat-
idylinositol; LPIAT, lysophosphatidylinositol acyltransferase; LPLAT,
lysophospholipid acyltransferase; LPS, lysophosphatidylserine;
LPSAT, lysophosphatidylserine acyltransferase; PA, phosphatidic
acid; PI, phosphatidylinositol; TLC, thin layer chromatography;
WT, wild-type
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doi:10.1016/j.febslet.2007.12.020acyl chains from C2 (acetyl) to C20 acyl groups, but with a pref-
erence for unsaturated acyl groups with 16–20 carbons [4]. The
acceptor speciﬁcity is not limited to naturally occurring
lysophospholipids; ScLPLAT can also acetylate lysoPAF
(1-O-alkyl-2-lyso-sn-glycero-3-phosphocholine) to form PAF
(1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine) [4].
Surprisingly, an ale1 knockout mutant is viable even though
it lacks detectable LPC, LPE, LPG, LPI, and LPS acyltrans-
ferase activities (Refs. [1–4], see also Fig. 2). This suggests that
none of these acyltransferase activities are essential in yeast. In
contrast, the LPA acyltransferase (LPAAT) activity is only
partially reduced in the ale1 knockout strain [1–4], which is
consistent with the fact that another, unrelated yeast gene,
SLC1, also encodes an LPAAT [5]. Furthermore, an ale1
slc1 double knockout is lethal [1–4], indicating that LPAAT
activity, unlike the other lysophospholipid acyltransferase
activities, is essential in yeast.
ScLPLAT belongs to a huge protein superfamily known as
the MBOAT proteins, which stands for membrane-bound O-
acyl transferases [6]. Several members of this superfamily are
known to be acyltransferases, and they all share limited se-
quence similarity in the putative active site region. However,
the MBOAT superfamily comprises several distinct families of
proteins that show more extensive sequence similarity to each
other also outside the active site region. One of these families in-
cludes the human MBOAT1 protein [7] and its homologs.
We show that ScLPLAT belongs to a distinct subfamily of
MBOAT proteins that includes human MBOAT1, MBOAT2,
and MBOAT4, and several related proteins from other eukary-
otes. We further show that two members of this protein family,
the Arabidopsis proteins AtLPLAT1 and AtLPLAT2, also
possess broad speciﬁcity lysophospholipid acyltransferase
activities similar to ScLPLAT. These ﬁndings strongly suggest
that other members of the protein family including MBOAT1,
MBOAT2, and MBOAT4, also may possess LPLAT activity.
Finally, we show that ScLPLAT and the LPAAT encoded
by SLC1, though functionally redundant in vivo, diﬀer in their
ability to use LPA produced by acylation of added glycerol-3-
phosphate (G3P) as a substrate in vitro.2. Materials and methods
2.1. Yeast strains, plasmids, and chemicals
The yeast Saccharomyces cerevisiae haploid strains used in this study
are congenic to theMATa strain BY4742 from the Euroscarf collection
[8]. For expression constructs genomic DNA from wild-type (WT)
yeast was used as a template to amplify the ALE1 gene, and two fullblished by Elsevier B.V. All rights reserved.
Fig. 1. Evolutionary tree showing the LPLAT family of proteins,
which includes Saccharomyces cerevisiae LPLAT (ScLPLAT) and its
closest homologs in other eukaryotes. Proteins known to possess
LPLAT activity are shown in bold. Two proteins that belong to a sister
family, the Drosophila nessy and human MBOAT5 protein, were
included in order to root the tree. The bar represents an evolutionary
distance (PAM value) of 0.2. The accession numbers of the sequences
used are: Human MBOAT1, NM_001080480.1; Zebraﬁsh MBOAT1,
XM_702282.2; Human MBOAT2, XM_001129292.1; Zebraﬁsh
MBOAT2, BX255963.11; Human MBOAT4, XM_940502.2; Zebraﬁsh
MBOAT4, XM_001335920.1; Drosophila melanogaster DmLPLAT,
NM_136702.2; Saccharomyces cerevisiae ScLPLAT, NC_001147.5;
Schizosaccharomyces pombe SpLPLAT, NM_001023800.1; Neurospora
crassa NcLPLAT, XM_957913.1; Arabidopsis thaliana AtLPLAT1,
AY093087.1; Arabidopsis thaliana AtLPLAT2, NM_104983.4; Ostreo-
coccus tauri OtLPLAT, CR954218.4; Entamoeba histolytica EhL-
PLAT, XM_648004.1; Human MBOAT5, NM_005768.5; Drosophila
melanogaster NESSY, NM_079433.2.
306 U. Sta˚hl et al. / FEBS Letters 582 (2008) 305–309length cDNAs, U17507, and U19775 (ABRC), to amplify two Arabid-
opsis cDNA sequences AtLPLAT1 (At1g12640) and AtLPLAT2
(At1g63050). The coding sequence of ALE1 was ampliﬁed with Taq
polymerase and 5 0-ATG TAC AAT CCT GTG GAC GCT-3 0 as for-
ward and 5 0-CTA CTC TTC CTT TTT TGA AAT AGG-3 0 as reverse
primers. The coding sequences of the Arabidopsis genes were ampliﬁed
with Phusion DNA polymerase and as 5 0-ATG GAT ATG AGT TCA
ATGGCT G-3 0 forward and 5 0-TTA TTC TTC TTT ACG CGG TTT
TG-3 0 as reverse primers for AtLPLAT1 and 5 0-ATG GAA TTG CTT
GAC ATG AAC TC-3 0 as forward and 5 0-TTA TTC TTC TTT TCT
GGT CTT TGG-3 0 as reverse primers for AtLPLAT2. The ampliﬁed
ALE1 cDNA was cloned into pYES2.1-TOPO thus generating the
plasmid pGAL1-ALE1 and the two Arabidopsis DNA fragments were
incubated with Taq polymerase and cloned into pCR2.1-TOPO vector
(Invitrogen). The coding sequences of the three generated plasmids
were veriﬁed by sequencing. The two Arabidopsis cDNAs were excised
from the cloning vector by EcoRI digestion and cloned into the EcoRI
site behind the strong inducible GAL1 promoter in the multi-copy
plasmid pYES2NT/C (Invitrogen), thus generating the plasmids
pGAL1-AtLPLAT1 and pGAL1-AtLPLAT2 with the two Arabidopsis
proteins N-terminal HIS-tagged. The ale1 deletion strain was trans-
formed with the three expression plasmids and, as a control, with
the empty vector, pYES2.
Unlabelled lipids were obtained from Sigma–Aldrich or Larodan
Fine Chemicals (Malmo¨, Sweden). Sn-1-palmitoyl-LPC and sn-1-
oleoyl-LPA were synthetic LPE and LPI were derived from soybean,
LPG from egg, and LPS from bovine brain. [1-14C]palmitoyl-CoA
and [1-14C]oleoyl-CoA were from Amersham Radiochemicals.
2.2. Growth of yeast cells and preparation of cell-free extracts
Yeast cultures in liquid YPD (1% yeast extract, 2% peptone, and 2%
glucose) were inoculated from overnight precultures and grown on a
rotary shaker at 30 C to early stationary phase (A600 8–10). For exper-
iments with expression plasmids, synthetic 2% galactose media [9] lack-
ing uracil was used instead of YPD. Cultures were grown for 16 h,
after which fresh galactose was added to a ﬁnal concentration of 2%.
The cultures were then grown for an additional 6 h before harvest. Cul-
tures (100 ml) were centrifuged for 10 min at 1000 · g, washed once
with 0.15 M NaCl, and re-suspended in ice-cold 20 mM Tris–HCl,
pH 7.6, containing 1 mM EDTA. To each sample, 1 ml of 0.5 mm Zir-
conium/silica beads (BioSpec Products Inc.) was then added, and the
cells were disrupted in a Bead beater (BioSpec Products Inc.) by shak-
ing 3 · 1 min intervened by 3 min cooling on an ice-bath. The extracts
were centrifuged at 1000 · g for 5 min at 4 C and the supernatants, re-
ferred to below as cell-free extracts, were frozen at 70 C. Protein
concentrations were determined using the Bradford method [10] with
bovine serum albumin (BSA) as a standard.
2.3. Enzyme assays
Acylation of G3P was assayed essentially according to Tillman and
Bell [11]. Assay mixtures contained cell-free extracts (about 50 lg of
protein), 25 mM Tris–HCl, pH 7.6, 2 mg/ml BSA (fatty acid free),
1 mM DTT, 8 mM NaF, 2 mM MgCl2, 0.1 mM 18:1-CoA, and
2 mM [14C]G3P (2000 dpm/nmol) in a total volume of 100 ll. The
LPLAT reactions were carried out using about 50 lg of protein,
0.1 mM [14C]18:1-CoA (5000 dpm/nmol) and 0.2 mM lysophospholipid
in 25 mMTris–HCl, pH 7.6, in a total volume of 100 ll. All assays were
performed for 5 min at 30 C. The assays were terminated by extraction
of the lipids into chloroform according to Blight and Dyer [12]. Lipids
were separated on thin layer chromatography (TLC) silica 60 plates
(Merck) using chloroform/methanol/acetic acid/water (85:15:10:3.5).
Lipids were visualized with iodine vapor, after which gel areas were re-
moved, 5 ml of toluene/ethanol (2:1 v/v) with 0.4% 2-(1-biphenol)-5-(4-
biphenol)-1,3,4-oxadizole was added, and the radioactivity counted in
an LKB Wallace 1290 Rackbeta counter.
2.4. Phylogenetic analysis
The tree in Fig. 1 was made by aligning the most conserved part of
the proteins, corresponding to amino acid residues number 286–392 of
Ale1, a region where all proteins can be aligned without ambiguities.
Pairwise distances were calculated from this alignment. The resulting
branch lengths were used to compute a dendrogram using the neigh-
bor-joining method [13] as implemented in ClustalX [14] with the skip
gapped positions and correct for multiple substitution options enabled.3. Results
3.1. ScLPLAT belongs to a distinct subfamily of the MBOAT
proteins that includes human MBOAT1, MBOAT2, and
MBOAT4 and Arabidopsis AtLPLAT1 and AtLPLAT2
The MBOAT superfamily [6] is a large and diverse group of
proteins that have little in common except for a conserved
putative active site motif and the fact that many of them pos-
sess acyltransferase activities. Yeast proteins that belong to the
MBOAT superfamily include ScLPLAT, but also the two ste-
rol acyltransferases Are1 and Are2 [15], and the Gup1 and
Gup2 proteins [16], none of which show much sequence simi-
U. Sta˚hl et al. / FEBS Letters 582 (2008) 305–309 307larity to ScLPLAT. To gain a better understanding of the evo-
lutionary position of ScLPLAT, and its possible orthologs in
other organisms, we used the ScLPLAT protein sequence in
a BLAST search of Genbank encoded protein sequences.
We found one group of proteins that show a high degree of
similarity to ScLPLAT over most of their sequences. They in-
clude human MBOAT1, MBOAT2, and MBOAT4, and their
homologs in other vertebrates. A number of proteins from
invertebrates, plants, fungi and lower eukaryotes also belong
to this group. In particular, we found two Arabidopsis proteins
which we have named AtLPLAT1 and AtLPLAT2. Except for
ScLPLAT, none of the proteins have any known function or
enzymatic activity assigned to them. An evolutionary tree
made from these sequences is shown in Fig. 1. Two conclusions
can be drawn from this tree. First, ScLPLAT and its close
homologs in other organisms form a monophyletic group of
sequences which is present in all eukaryotes, even protists such
as Entamoeba. Second, the gene duplications that generated
MBOAT1, MBOAT2, and MBOAT4 are unique to verte-
brates, and are not found in invertebrates, plants, or fungi.
We also found a number of proteins that can be aligned to
ScLPLAT over most of their sequences, but show less overall
similarity to ScLPLAT than the ﬁrst group of proteins. Fur-
ther investigations revealed that these sequences can be
grouped into three distinct protein families, which are found
only in animals (data not shown). The ﬁrst of these sister fam-
ilies to the LPLATs includes human MBOAT5 and its homo-
logs in other animals, such as the Drosophila nessy protein [17].
They are included in Fig. 1 where they were used to root the
tree. The second sister family includes the human LRC4 pro-
tein and its homologs, and the third sister family the Drosoph-
ila porcupine protein and its homologs. It should be noted that
at least one of these more distantly related proteins, porcupine,
is known to possess an acyltransferase activities that clearly
diﬀers from that of ScLPLAT. Thus, porcupine is required
for palmitoylation of the Wnt protein [18].
Other even more distantly related members of the MBOAT
superfamily, such as the yeast Are1 and Are2 proteins, did not
appear in our search. This is consistent with the fact that they
only share similarity within the active site region with ScL-
PLAT, and therefore fall below the level of detection in a sim-0
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Fig. 2. Lysophospholipid acylation activities in cell-free extracts of yeast ale
plasmid, or harboring the empty vector as a negative control. Error bars areple BLAST search. Finally, we note that an enzyme with
LPLAT activity has been described in Synechocystis [19], but
this is an acyl-ACP rather than acyl-CoA dependent enzyme,
and it shows no sequence similarity to ScLPLAT.
3.2. Arabidopsis AtLPLAT1 and AtLPLAT2 are both broad
speciﬁcity LPLATs
In order to test the hypothesis that the above described fam-
ily of proteins encodes LPLAT with broad speciﬁcities similar
to yeast LPLAT, we proceeded to clone cDNAs encoding two
of the proteins, AtLPLAT1 and AtLPLAT2, in a yeast expres-
sion vector, and test them for their ability to complement the
enzymatic deﬁciencies of an ale1 knockout mutant. As a posi-
tive control, we included ScLPLAT expressed from the same
vector, and as a negative control the empty vector. All four
plasmids were transformed into the ale1 yeast strain. Transfor-
mants were grown in galactose media to induce expression of
the proteins, after which cell-free extracts were prepared and
tested for enzymatic activities.
As shown in Fig. 2, we found that AtLPLAT1 and AtL-
PLAT2 both can acylate LPC, LPE, LPS, and LPG when incu-
bated in vitro with these substrates and 14C-labelled acyl-CoA.
Interestingly, neither protein could form signiﬁcant amounts
of phosphatidic acid (PA) from LPA or phosphatidylinositol
(PI) from LPI, even though both these substrates are acylated
by ScLPLAT (Fig. 2). We conclude that AtLPLAT1 and AtL-
PLAT2 are broad speciﬁcity LPLATs, like ScLPLAT, though
they diﬀer from the latter in being unable to acylate LPA or
LPI. It should be noted that the background LPAAT activity
of the Slc1 protein makes it harder to assay LPAAT in the ale1
mutant, and we cannot therefore rule out that AtLPLAT1 or
AtLPLAT2 also possess a low amount of LPAAT activity.
However, any such LPAAT activity would have to be much
lower than that of ScLPLAT, which was clearly detected in
the assay (Fig. 2).
3.3. ScLPLAT cannot eﬃciently use LPA generated by in vitro
acylation of G3P as a substrate
To further investigate the roles of ScLPLAT (Ale1) and Slc1
in the synthesis of PA, we carried out an experiment where we
added [14C]G3P and unlabelled acyl-CoA to cell-free extractsLPG LPS LPI
tor substrate
Empty vector
ScLPLAT
AtLPLAT1
AtLPLAT2
1 cells expressing either ScLPLAT, AtLPLAT1, or AtLPLAT2 from a
standard deviations of experiments done in triplicate.
308 U. Sta˚hl et al. / FEBS Letters 582 (2008) 305–309from wild-type, ale1 and slc1 cells, and then followed its
conversion to PA by TLC. This conversion occurs in two steps.
The ﬁrst is acyl-CoA dependent acylation of G3P by glycerol-
3-phosphate acyltransferase (GPAT) to form LPA. As
expected, we saw eﬃcient incorporation of labelled G3P into
lipids in all three strains, indicating that GPAT activity was
not aﬀected in either mutant.
The next step is acylation of LPA to PA, which is mediated
by Ale1 and Slc1. Surprisingly, we found that this step is se-
verely reduced in the slc1 mutant, but not in the ale1 mutant
(Fig. 3). Thus, the production of labelled PA from LPA was
the same in the wild-type and the ale1 mutant, with 87% of
the LPA being converted to PA or further to diacylglycerol
and triacylglycerol. However, only 11% of the LPA was con-
verted to PA in the slc1 mutant (Fig. 3). No further conversion
of PA to phospholipids was observed in any of the strains,
probably due to lack of cofactors such as CTP, serine, CDP-
choline, and CDP-ethanolamine.
In contrast, assays where [14C]acyl-CoA and unlabelled LPA
were added to the same extracts produced labelled PA in all
three strains, though the total amount was reduced both in
the ale1 mutant (to 67% of the wild-type) and in the slc1 mu-
tant (to 37% of the wild-type). Only a minor conversion of
labelled PA to DAG and TAG was observed in this experiment
(2% of the total radioactivity in lipids) probably due to the fact
that no Mg2+ was added. The PA phosphatase which is in-
volved in de novo lipid biosynthesis in yeast is Mg2+ dependent
[20].
From these two experiments we conclude that Ale1 cannot
eﬃciently use LPA which is generated by acylation of G3P
as a substrate, while Slc1 is able to do so. This in turn suggests
that diﬀerent pools of LPA may exist in the cell-free extracts,
and that LPA which is produced by GPAT is more accessible
to Slc1 than to Ale1.0
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Fig. 3. Acylation of glycerol-3-phosphate (G3P) and lysophophatidic
acid (LPA) by cell-free extracts of wild-type, ale1, and slc1 yeast
strains. Acylation of G3P was assayed with [14C]G3P and unlabelled
18:1-CoA, acylation of LPA with [14C]18:1-CoA and unlabelled LPA.
Error bars are standard deviations of experiments done in triplicate.
Abbreviations: PA, phosphatidic acid; DAG, diacylglycerol; and
TAG, triacylglycerol.4. Discussion
As shown in Fig. 1, ScLPLAT (Ale1) and its closest homo-
logs in other organisms form a monophyletic family of pro-
teins which is present in all eukaryotes. This strongly
suggests that these proteins are true orthologs of ScLPLAT
and are likely to possess enzymatic activities that are similar
or identical to that of LPLAT. Consistent with this, we found
that two plant proteins that belong to this family, Arabidopsis
AtLPLAT1 and AtLPLAT2, are lysophospholipid acyltrans-
ferases with broad substrate speciﬁcities, similar to LPLAT
(Fig. 2). From this we infer that also other members of this
protein family, such as the human MBOAT1, MBOAT2,
and MBOAT4 proteins, are likely to possess LPLAT activity.
It therefore seems reasonable to refer to this subfamily of the
MBOAT proteins as the LPLAT family.
Within the MBOAT protein superfamily, the LPLATs are
most closely related to three other protein families: the nessy
(MBOAT5) proteins, the LRC4 proteins, and the porcupine
proteins. Unlike the LPLATs, these three protein families are
found only in animals, but not in other eukaryotes. Porcupine
is known to be required for palmitoylation of the Wnt protein
[18], but the enzymatic activities of the nessy and LRC4 pro-
teins remain to be identiﬁed. We cannot rule out that some
of these proteins also may possess LPLAT activity, in particu-
lar the nessy proteins, which are most closely related to the
LPLATs.
The biological functions of the LPLATs remain to be deter-
mined, and may well diﬀer between diﬀerent tissues and organ-
isms. Knockout data in yeast show that only its LPAAT
activity is essential (together with that of Slc1) while its other
enzymatic activities are dispensable for growth. This does
not mean that they are unimportant, however. It is likely
that the lysophosphatidylcholine acyltransferase (LPCAT),
lysophosphatidylethanolamine acyltransferase (LPEAT),
lysophosphatidylglycerol acyltransferase (LPGAT), lysophos-
phatidylinositol acyltransferase (LPIAT), and lysophosphati-
dylserine acyltransferase (LPSAT) activities of LPLAT are
needed for membrane remodeling in response to changes in
the environment and for other processes that require an in-
creased rate of phospholipid turnover.
Phospholipid turnover, known as the Lands cycle [21], has
been studied in animals, plants, and fungi [22–24]. It involves
deacylation at the sn-2 position of phospholipids, followed
by reacylation mediated by lysophospholipid acyltransfer-
ases such as LPLAT. The Lands cycle plays an important
role in maintaining optimal membrane functions, and is also
thought to be involved in the biosynthesis of polyunsaturated
fatty acids in plants. Plants make these fatty acids by desat-
uration of precursor fatty acids that are esteriﬁed to galactol-
ipids in the chloroplast and phospholipids in the
extraplastidic compartments [25]. The polyunsaturated fatty
acids are then transferred to other lipids, such as triacylgly-
cerols, by direct transacylation [26], removal of the polar
head group [27] or via transfer into the acyl-CoA pool
[28]. The Lands cycle is believed to facilitate this by promot-
ing an exchange of fatty acids between phospholipids and the
acyl-CoA pool, and LPLAT could play a key role in this
process.
Our ﬁnding that only Slc1, but not ScLPLAT (Ale1) can eﬃ-
ciently use LPA made from in vitro added G3P reveals an
unexpected diﬀerence between the two yeast LPAATs, and
U. Sta˚hl et al. / FEBS Letters 582 (2008) 305–309 309also suggests that diﬀerent pools of LPA may exist in cell-free
extracts. Care should be taken in extrapolating these in vitro
results to living cells, but it is possible that it may reﬂect diﬀer-
ent intracellular localizations of the two enzymes. GFP fusion
data suggest that both enzymes are found in the ER, but Slc1 is
also associated with lipid bodies [5]. Alternatively, it is possible
that both enzymes are present in the same compartment, but
that Slc1 is physically or functionally linked to GPAT, and
thus more likely to use its product as a substrate. Further
experiments are needed to resolve this question.
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